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Abstract  
This paper addresses a problem on geometric-nonlinearity, due to the occurrence of breathing-
debond in a smart composite structure (SCS). In order to solve the problem, elastic wave 
propagation based numerical simulations and laboratory experiments were carried out on SCS 
with baseplate – stiffener debonds. The frequency-domain analysis of the numerical and 
experimental signals shows that the presence of breathing-debond produces a prominent 
nonlinear response in terms of higher-harmonics. It was also noticed that the magnitudes of those 
harmonics significantly change with the increase in propagation distance. A baseline-free online 
nonlinear debond source localization strategy is proposed that exclusively uses the changes in 
second harmonic magnitudes of the elastic wave signals registered at the sensor-networks in 
SCSs. The study was further extended for variable debond sizes and locations. It is observed that 
the proposed monitoring strategy is capable of localizing a wide range of nonlinear debond 
sources in the SCSs.  
Keywords: breathing-debond; geometric nonlinearity; smart composite structure; sensor 
network; elastic wave propagation; structural health monitoring 
 
1. Introduction 
Composite materials are incessantly substituting conventional metallic structures in 
various industries (e.g., aerospace, automobile, marine) due to their high specific strength, high 
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specific stiffness, construction flexibility, better corrosion resistance and lightweight advantages 
[1-5]. Stiffened composite structures are often used for specialised construction requirements 
[1,6]. In these structures, stiffeners (e.g., T-section, L-section, I-section) are bonded to the 
baseplate with adhesives. In such cases, breathing-debonds (nonlinear-type) can occur at bond 
interphase due to impact, cyclic loading and improper handling [7-8]. These debond can 
propagate further while in service and might lead to massive structural failures, if not detected in 
advance [9-11]. Hence, it is crucial to effectively identify and characterize such hidden debonds 
in complex structures. 
Elastic wave (e.g., Lamb wave, Rayleigh wave) propagation-based structural health 
monitoring (SHM) strategies have shown their potential in localisation and characterization of 
hidden structural defects, owing to their potential in long-distance monitoring, sensitivity to 
small defects and penetration capacity into hidden layers in layered structures [2,8,12-13]. These 
SHM techniques involve the application of cost-effective and lightweight broadband transducer 
or bonded piezoelectric transducer (PZT) networks [14-16].  
Many researchers [14-16], proposed health monitoring strategies for the linear-type 
debond but the nonlinear-type debonds in composite structures are quite complex and difficult to 
detect using the traditional debond detection strategies [17-18]. These nonlinear-type debond 
regions can open or close, due to the generation of clapping effect under dynamic loading [19-
20]. 
The nonlinear wave propagation-based techniques can detect the incipient damage (such 
as debonding) based on non-linear phenomena like- sub-harmonic generation [21], higher-
harmonic generation [22-23], nonlinear resonance [24] and mixed frequency response [25]. 
Several studies have demonstrated that the non-linear characteristics and phenomena are very 
sensitive against the presence of contact type damage (such as delamination, fatigue-crack, 
disbond) and have less influence by environmental impacts than the linear response features 
[23,25-26]. Ultrasonic nonlinear strategies were primarily focused on nonlinearity of elastic bulk 
waves in metallic structures [27-29]. Recently, these strategies are more focused on the study of 
nonlinearity in elastic Lamb waves in metallic and composite structures [30-32]. Nonlinear 
analysis methods have gained popularity in the theoretical and applied research focusing on non-
classical nonlinear behaviour of interfaces (referred to as local nonlinearities) [33-34]. Recent 
studies have primarily focused on the investigation of higher harmonic generation due to the 
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presence of nonlinear-elasticity [28,35] and contact-nonlinearity [36-37] phenomena. A contact 
acoustic nonlinearity model of a closed crack in an aluminium plate was developed for the 
analysis of nonlinear characteristics of the crack induced elastic waves in the structure [38]. The 
results showed that the interfacial-stiffness significantly affects the amplitude of the second-
order harmonics in frequency-domain signals, and the second harmonic amplitudes correlate 
with the crack-closure process. The contact acoustic nonlinearity phenomenon due to the 
presence of breathing-type fatigue cracks and material nonlinearity was investigated using a 
predefined network of PZTs [22]. It was concluded that the relative acoustic nonlinearity 
parameter increases with the increase in propagation distance owing to the materials and 
geometric nonlinearities. In [36], it was demonstrated that variation in the interfacial stiffness is 
the major cause of contact acoustic nonlinearity. The instability of oscillations and stiffness 
parametric modulations are due to the asymmetry in contact restoring forces that can result in the 
generation of sub-harmonics in the propagating signals. It was also stated that subharmonics and 
higher-harmonics are the indicators for the presence of nonlinear-type defects in metallic 
structures. The baseline-free SHM strategies are proposed by several authors [39-41] that uses 
nonlinear elastic waves and offers effective inspection potential for new or existing structures 
without any reference data. 
From the review of past literature, it is perceived that a limited number of research works 
are available to date that deals with the elastic wave propagation-based analysis of nonlinear 
debond response in smart composite structure (SCS) and there is still substantial scope for future 
research. In this paper, the finite element method based 3D numerical simulations and 
experimental analysis of guided elastic wave propagation in SCS with and without breathing-
type debonds are presented. A baseline-free online SHM strategy is proposed to effectively 
localize such nonlinear-type debond sources in the SCSs. 
 
2. Experimental analysis 
Laboratory experiments are conducted on a healthy SCS and a debonded SCS sample. The SCS 
is a stiffened composite panel with a fixed network of surface-mounted PZTs (0.5 mm thin and 
10 mm diameter) for onboard actuation/reception of elastic wave signals and a signal generator-
cum-data acquisition (DAQ) system (16 bit, 1MSample/s) to operate the PZTs in the network, as 
described in Fig. 1. The composite panel is made of a 2 mm thin carbon-fibre reinforced 
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composite laminate (CFRCL) with quasi-isotropic lay-up: [0/90/+45/-45]S. The SCS samples 
manufactured by using the prepreg lay-up process and the material properties (as per the 
composite manufacturer) are- for carbon fibre, Young’s modulus E = 257.5 GPa, mass density ρ 
= 1750 kg/m3 and Poisson’s ratio ν = 0.25  with a volume fraction of fibres vol. = 0.565; for the 
matrix, Young’s modulus E = 3.45 GPa, mass density ρ = 1270 kg/m3 and Poisson’s ratio ν = 
0.35; for epoxy adhesive, Young’s modulus E = 3.0 GPa, mass density ρ = 1150 kg/m3 and 
Poisson’s ratio ν = 0.34. 
In the panel, a 450 mm long L-shaped (25 mm× 25 mm) stiffener is bonded to the centre of the 
baseplate (450 mm × 450 mm × 2 mm) with epoxy adhesive and, an artificial debond region (25 
mm × 30 mm) is introduced at the centre of the baseplate-stiffener bond-interphase by inserting a 
0.05 mm thin Teflon-film during fabrication. 
 
Fig. 1. Experimental setup for the analysis of elastic wave propagation in SCS. 
 
The experimental setup in Fig. 1 shows the debond and the transducer network of 10-PZT 
sensors marked as ‘S1, S2, S3, … S10’ and one actuator PZT marked as ‘Actuator’ in the sample 
SCS. The sensors are placed at the edges of the structure to limit the edge reflection influences 
and the Actuator is located near the stiffener to limit the attenuation of actuation energy. The 
PZT positions (x,y) on the SCS concerning the origin ‘O(0,0)’are presented in Table 1. 
Table 1. PZT locations on the SCS surface. 
PZT (No.) X (mm) Y (mm) 
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S1 5 100 
S2 100 5 
S3 325 5 
S4 445 100 
S5 445 212.5 
S6 445 325 
S7 325 445 
S8 100 445 
S9 5 325 
S10 
    Actuator 
5 
325 
212.5 
180 
 
The excitation frequency was selected by actuating a series of 7-cycle sine wave signals with 
different carrier frequencies through the actuator-PZT, ‘Actuator’, and the corresponding sensor 
signals are collected at a sensor PZT, ‘S5’ (Fig. 1). A frequency-response plot presented in Fig. 
2(a) is then generated based on the collected S5 signals. The plot shows higher response 
magnitudes around 100 kHz. Thus, a Hanning window modulated 100 kHz 7-cycle tone-burst 
sine pulse as shown in Fig. 2(b) was selected as the excitation signal for the experimental 
analysis and numerical simulations. The magnitude of the Fast-Fourier-Transform (FFT) of the 
excitation signal is presented in Fig. 2(c). In the experimental analysis, the Actuator (Fig. 1) 
induces the excitation signal (Fig. 2(b)) to the SCS and the corresponding propagated elastic 
wave signals are registered at each sensor (S1, S2, ..S10) location in the sensor-network. 
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                        (a)                                               (b)                                               (c) 
Fig. 2. (a) Frequency modulation curve for the Actuator, (b) selected excitation signal and (c) 
frequency-spectrum of the signal. 
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3. Numerical simulation 
The 3D numerical simulation of elastic wave propagation in such a complex structure with 
geometric nonlinearities is found to be very challenging as well as interesting. In the study, the 
finite element analysis based numerical simulation of PZT (10 mm dia. and 0.4 mm thin) 
actuator induced elastic wave propagation in the sample SCS (450 mm × 450 mm × 2 mm) is 
carried out using the explicit and implicit solvers in ABAQUS [38]. In the process, the explicit 
analysis code was used for modeling of the SCS and the implicit analysis code was used to 
model the PZTs [2]. In the process, the ‘standard-explicit co-simulation’ was assigned to link the 
implicit and explicit solutions [42]. In the SCS models with debonds, a zero-volume debond (25 
mm × 30 mm) was modeled by untying the nodes of the selected region at the baseplate-stiffener 
interphase. The SCS was modeled using 8-noded fully integrated linear solid brick elements (0.5 
mm × 0.5 mm × 0.2 mm), ‘C3D8I’ with incompatible modes and hourglass control. Each node 
of the brick element has 3-translational degrees of freedom. The homogenised elastic properties 
of the quasi-isotropic CFRCL are calculated as per the Vinson and Sierakowski (2006) in [43]. 
The selected material properties of the CFRCL are- E11 = E22 = 77.46 GPa, E33 = 11.24 GPa, 
G12= 4.14 GPa, G13 = G23 = 3.63 GPa, ν12 = 0.03, ν13 = ν23 = 0.37 and ρ = 1650 kg/m3.
 
In PZT (actuator/sensor) models, the 8-noded standard implicit linear piezoelectric brick-
elements (approximate size: 0.05 mm × 0.05 mm × 0.1 mm), ‘C3D8E’ were used. These 
elements offer PZT’s electro-mechanical coupling nature. The 100 kHz input signal (as voltage) 
was applied to the Actuator top-surface nodes and for grounding operation, zero-voltage was 
assigned to the nodes at the bottom surface of the Actuator as well as sensor PZTs. The output 
signals were registered at the top-surface nodes of the sensor PZTs designated as S1, S2, …S10 
as shown in Fig. 3(a). The NCE51 PZT properties were selected as per the manufacturer’s 
(NOLIAC® Kvistgård, Denmark) supplied data as given below, and the details about constitutive 
equations of the piezoelectric materials are described by Deraemaeker et al. (2009) in [44]. 
Piezoelectric elastic stiffness: [ ]
131 8.7 90.4 0 0 0
0 131 90.4 0 0 0
0 0 121 0 0 0 [GPa]
0 0 0 20.12 0 0
0 0 0 0 20.12 0
0 0 0 0 0 22.5
 
 
 
 
=  
 
 
 
 
C  
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piezoelectric coupling constant: [ ] 2
0 0 0 0 13.36 0
0 0 0 13.36 0 0 [C/ m ],
6.15 6.15 15.76 0 0 0
 
 
=  
 − − 
e  
piezoelectric permittivity constant: [ ] -12
1945 0 0
0 1945 0 *8.85*10 [F/ m]
0 0 1912
ε
 
 
=  
  
 and  
mass density: ρ = 7200 [kg/m3]. 
 
 
     (a)                                                                            (b) 
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               (c)                                                                          (d) 
Fig. 3. Numerical models of the SCS with (a) debond case-1, (b) debond case-2, (c) debond case-3 
(multi-stiffeners) and (c) debond case-4 (multi-stiffeners). 
 
In the simulation, the contact acoustic-nonlinearity was assigned by using frictionless (friction-
coefficient = 0) surface-to-surface contact, to avoid the inter-penetration of debond surfaces during 
the elastic wave propagation. A direct enforcement method based on the Lagrange multiplier 
method was applied to maintain the pressure–penetration relationship. The contact virtual-work 
contribution, ‘
c∂ ∏ ' is obtained by applying the direct enforcement condition in variational 
formulation for a steady-state analysis [22] as: 
∂ ∏ = ∂ + ∂c PH P H                                                                                                             (1) 
where ‘H’ is the overclosure and ‘P’ is the contact-pressure. In the assigned hard-contact, the 
contact-pressure between two surfaces at a point was defined as a function of overclosure of the 
surfaces (i.e. the inter-penetration of the surfaces). The contact model was defined as: 
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}0 0 surfaces are separated0 0 surfaces are contacting= <= >P for HH for P                                                                    (2) 
The mass-proportional and frequency-proportional Rayleigh damping coefficients, ‘α’ and ‘β’ 
were selected as per the ABAQUS default, and a stable time increment with time-step 5e-8 was 
considered for the solvers.  
Similar numerical SCS models with single and multiple stiffeners are prepared for a 
healthy state, variable debond sizes and variable debond locations, and the 3D models for some 
cases are presented in Fig. 3. The SCS models in Fig. 3(b) for debond case-2 corresponding to a 
shifted debond location concerning the debond case-1, Fig. 3(c) for debond case-3 corresponding 
to a shifted debond location in the stiffener#1 and 3(d) for debond case-4 corresponding to a 
near-edge debond location in the stiffener#2. In all the simulation cases, the Actuators generates 
the excitation signal (ref. Fig. 2(b)) to the SCS models and the propagated signals are registered 
at each sensor location in the sensor-network (ref. Table 1). 
 
4. SHM strategy for nonlinear debond source localization in SCS 
A baseline-free SHM strategy is proposed that uses the registered sensor-network signals 
from the SCS. In the process, the second harmonics (if any) are extracted from the frequency-
domain signals by performing FFTs on the registered time-domain signals. The extracted second 
harmonics signals are then supplied to a debond source localization algorithm that calculates the 
summations of FFT-coefficient (FFTC) magnitudes at each sensor-to-sensor path in the SCS. In 
the process, the nonlinear debond index (ND) are calculated based on the root-mean-square 
change in FFTC magnitudes of the second harmonics in the elastic wave signals obtained from 
the selected sensor pair as-  
( ){ }
( ){ }
2
1
2
1
2
2ij
f
i jf
D f
if
FFTC FFTC df
N
FFTC df
+
=
∫
∫
                                                                                 (3) 
where ‘f1’ and ‘f2’ are the cut-off frequency lower and upper bands of the input signals, and 
‘FFTCi’ and ‘FFTCj’ are the amplitude areas of the second harmonic FFTC of any sensor pair: 
Sensor#i - Sensor#j.  
Jo
urn
al 
Pr
e-p
roo
f
  
The nonlinear debond-source probability indicator, ‘In’ for any position (x, y) within the 
sensor network can be represented as a linear summation of the obtained 
ijD
N (Eq. (3)) from 
every possible sensor-sensor pair, each of which has a spatial distribution as- 
1
1 1
( , )
ij
n n
n D
i j i
I x y N ψ
−
= = +
=∑ ∑                                                                                                      (4) 
where ‘Ψ’ is a spatial distribution function with positive values, which is expressed as 
{ }( , ) / ( 1)ijP x yψ ϕ ϕ = − −                                                                                                 
(5) 
The Ψ is illustrated in Fig. 4, which is the linearly decreasing spatial distribution function 
(elliptical contour shaped) of each sensor-sensor pair. In the spatial distribution function, ( , )ijP x y
is expressed as-                                                                 
( , ) ( , ), for ( , )
( , ) , for ( , )
ij ij ij
ij ij
P x y Q x y Q x y
P x y Q x y
ϕ
ϕ ϕ
= <
= ≥
                                                                              (6) 
where, ( ) ( ){ }2 2 2 2( , ) ( ) ( ) ( ) ( ) /ij i i j j ijQ x y x x y y x x y y D = − + − + − + −                                 (7) 
and ‘Dij’ is the sensor-sensor distance and ‘ϕ ’ is a scaling parameter (assumed to be 1.03) that 
controls the size of the elliptical distribution area of each sensing paths.  
  
Fig. 4. Illustration of debond imaging algorithm with the elliptical distribution function. 
 
The proposed SHM strategy is implemented in MATLAB that calculates a (10×10) matrix with 
100 sensor pair signals as inputs from the assigned sensor network of 10 PZTs. The debond 
localization algorithm uses a bandpass filter to extract the second harmonics from the supplied 
frequency-domain signals. The cut-off frequencies are selected to be f1 = 180 kHz and f2 = 230 
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kHz corresponding to the lower and upper bands of the input signals. In the process, the 
combinations of sensor paths: S#1-1, .., 1-10; S#2-1, .., 2-10; 3-1; S#3-1, .., 3-10; S#4-1, .., 4-10; 
S#5-1, .., 5-10; S#6-1, .., 6-10; S#7-1, .., 7-10; S#8-1, .., 8-10; S#9-1, .., 9-10 and S#10-1, .., 10-
10 (ref. Fig. 1) are considered to image the predicted nonlinear debond source regions in the 
SCSs. 
 
5. Results and discussion 
5.1. Analysis of experimental and numerical simulation signals 
Elastic wave signals are obtained from the laboratory experiments on the SCS samples (ref. 
Fig. 1) and presented in Fig. 5(a). It is observed that the elastic wave propagation in SCS at 100 
kHz generates multiple wave modes and the time-domain signals for the healthy and debond 
condition do not show any significant difference. Similarly, the numerical signals in time-domain 
are obtained from the SCS models and presented in Fig. 5(b). The simulation signals also 
showed a similar wave mode distribution pattern to the experimental signals and the comparison 
of healthy and debond signals do not show any significant difference. 
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                               (a)                                                                           (b) 
Fig. 5. Comparison of healthy and breathing-debond influenced signals obtained from the 
(a) experimental analysis and (b) numerical simulation. 
 
5.1.1. Analysis of nonlinear debond response. In order to study the presence of nonlinearity in 
the registered signals from experiments and numerical simulations, a frequency-domain analysis 
is performed by applying FFTs to the time-domain signals. The transformed signals from 
experiment and simulation for the healthy SCS clearly shows a linear response with only the 
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primary harmonic at the operating frequency, as shown in Fig. 6(a). While on the contrary, the 
transformed signals corresponding to the SCS with debond have shown prominent nonlinear 
response, in terms of the generation of higher-harmonics, as shown in Fig. 6(a). In all the studied 
cases, a good agreement is observed between the experiment and simulation signals, and Fig. 6 
shows a typical comparison of the signals corresponding to the S10. The higher harmonics in the 
received sensor signals are generated due to the occurrence of breathing phenomenon of the 
baseplate-stiffener debond in the SCS under the given excitation. In the process, the breathing-
debond acts as an additional excitation source to the SCS that generates higher frequency elastic 
waves in the structure and this behaviour are visible from the numerical waveform plots in Fig. 
7. The waveform plots in Fig. 7 shows the Actuator induced elastic wave propagation in the 
debonded SCS models (ref. Fig. 3) at an initial stage and nonlinear breathing-debond 
phenomenon at a later stage, where the signals are transmitting from the debonds. 
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(b) 
Fig. 6. A typical comparison between the experimental and simulation signals in frequency-
domain corresponding to the (a) healthy SCS and (b) SCS with debond (ref. Fig. 1). 
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(a) Waveform plots corresponding to the debond case-1 (ref. Fig. 3(a)) 
  
(b) Waveform plots corresponding to the debond case-2 (ref. Fig. 3(b)) 
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(c) Waveform plots corresponding to debond case-3 (ref. Fig. 3(c)) 
  
(d) Waveform plots corresponding to debond case-4 (ref. Fig. 3(d)) 
 
Fig. 7. Waveform plots show the Actuator induced wave propagation in SCS at an initial stage 
and the nonlinear breathing-debond induced wave propagation phenomenon at a later stage. 
 
Based on the analysis of the frequency-domain signals, the second harmonic response is 
exclusively selected for the nonlinear debond source localization in the SCS. Therefore, the 
present study is focused on the second harmonic signal characteristics. From the analysis of 
experimental and numerical sensor signals, it is revealed that the second-harmonic magnitudes 
are significantly attenuated with the increase in debond-to-sensor distance in the quasi-isotropic 
SCS panel. This differential characteristic is distinctly visible from a typical comparison between 
two different experimental sensor signals presented in Fig. 8(a). The comparison of simulation 
signals is presented in Fig. 8(b) also shows the similar differential characteristics of the second-
harmonics. 
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   (a)                                                                         (b) 
Fig. 8. A typical comparison between S1 and S7 signals from the (a) experiment and (b) 
simulation shows the changes in second harmonic magnitudes. 
 
5.2. Nonlinear debond source localization in SCS 
The nonlinear debond source locations are detected by using the changes in second harmonic 
signals to the proposed SHM strategy in section 3. In the process, the changes in FFTC 
magnitudes of the second harmonics are calculated for each sensor-sensor combination as shown 
in Fig. 9(a) for experiment and in Fig. 9(b) for simulation and the corresponding nonlinear 
debond source localization maps are obtained for the SCS sample (ref. Fig. 1) and for the SCS 
model (ref. 3(a)), as shown in Fig. 10. 
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    (a)                                                                          (b) 
Fig. 9. A typical comparison between the second harmonic signals corresponding to S5 and S8 in 
case of (a) experiment and (b) simulation. 
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(a) 
 
(b) 
Fig. 10. Nonlinear debond source localization map showing the predicted debond location in the 
(a) experimental SCS sample (ref. Fig. 1) and (b) numerical SCS model (ref. Fig. 3(a)). 
The SHM strategy is then applied for the debond-source localization of debond case-2, 
debond case-3 and debond case-4 using the simulation signals obtained from the numerical 
models in Fig. 3(b), Fig. 3(c) and Fig. 3(d), respectively. The source-localization maps are 
obtained and presented in Fig. 11. It is observed that the proposed SHM strategy is capable of 
generating localization maps that effectively predicts the nonlinear debond-sources at variable 
locations in the SCS models with single as well as multiple stiffeners. 
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(a) 
 
(b) 
 
(c) 
Fig. 11. Nonlinear debond source localization maps showing the predicted debond source 
locations in the (a) SCS model in Fig. 3(b), (b) SCS model in Fig. 3(c) and (c) SCS model in Fig. 
3(d). 
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5.2.1. Analysis of debond-size sensitivity of the SHM strategy. The nonlinear debond source 
localization potential of the proposed SHM strategy is further verified by conducting a sensitivity 
analysis for variable debond sizes. In the process, a series of numerical simulation has been 
carried out for SCS models with baseplate-stiffener debonds of fixed width (25 mm) along the X-
direction and variable lengths of 10 mm, 20 mm, 30 mm (ref.), ….100 mm along the Y-direction 
(ref. Fig. 3(a)). The debond source localization maps are obtained for each simulation case and 
the corresponding NDX magnitudes are noted. Some typical localization maps are presented in 
Fig. 12 that effectively shows the predicted locations of nonlinear debonds of variable sizes. 
Eventually, the sensitivity analysis plot is obtained based on the calculated NDX magnitudes from 
the localization maps and presented in Fig. 13, which indicates the influence of debond size 
variation on the NDX. 
 
(a) 
 
(b) 
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(c) 
Fig. 12. Nonlinear debond source localization maps corresponding to the numerical of SCS 
models with (a)100 mm debond, (b) 60 mm and (c) 10 mm debond. 
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Fig. 13. The sensitivity of NDX against the variable debond size. 
 
Thus, the proposed online SHM strategy has proven its potential for nonlinear debond source 
localization in SCS using elastic wave signals. However, developing an SHM strategy that can 
handle different composite structures (sandwiches and laminates), different types of damage and 
operating conditions, will be more effective for the development of industry-grade robust SHM 
tools. 
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6. Conclusions 
Nonlinear debond response on elastic wave propagation was experimentally and numerically 
investigated for the SCS. From the analysis of results, it is revealed that the presence of such 
nonlinear-type debonds significantly changes the second-harmonic magnitudes concerning the 
sensor distance from the debond source in the SCS. The proposed SHM strategy has proven its 
robust online monitoring potential for nonlinear debond source localization in SCS using 
experimental as well as numerical signals. It is envisaged that this research will help in further 
understanding of the characteristics of nonlinear-type debonds and their influence on the elastic 
wave signals towards the development of robust SHM strategies/tools for in-service monitoring 
of such complex and advanced structures in the future. 
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